Abstract. The average fluorescence lifetime of the green fluorescent protein ͑GFP͒ in solution is a function of the refractive index of its environment. We report that this is also the case for GFP-tagged proteins in cells. Using time-correlated single-photon counting ͑TCSPC͒-based fluorescence lifetime imaging ͑FLIM͒ with a confocal scanning microscope, images of GFP-tagged proteins in cells suspended in different refractive index media are obtained. It is found that the average fluorescence lifetime of GFP decreases on addition of glycerol or sucrose to the media in which the fixed cells are suspended. The inverse GFP lifetime is proportional to the refractive index squared. This is the case for GFP-tagged major histocompatibility complex ͑MHC͒ proteins with the GFP located inside the cytoplasm, and also for GPIanchored GFP that is located outside the cell membrane. The implications of these findings are discussed with regard to total internal reflection fluorescence ͑TIRF͒ techniques where the change in refractive index is crucial in producing an evanescent wave to excite fluorophores near a glass interface. Our findings show that the GFP fluorescence lifetime is shortened in TIRF microscopy in comparison to confocal microscopy.
Introduction
Since the discovery that the green fluorescent protein ͑GFP͒ of the jellyfish Aequorea victoria can be genetically encoded in other organisms and still maintain its ability to fluoresce, 1 it has been widely used in the field of biophotonics with applications ranging from membrane trafficking to protein-protein interaction 2 and as such has made a huge impact on these areas. Breakthroughs in modern laser technology and confocal microscopy 3 have also greatly helped and facilitated many advances in the biological, biomedical, or, in general, life sciences.
In the last decade or so, fluorescence lifetime imaging ͑FLIM͒ has increasingly been used to image not only the location of particular proteins, but also their environment. [4] [5] [6] [7] [8] GFP in particular is routinely used as the donor in Förster resonance energy transfer ͑FRET͒ experiments, [9] [10] [11] and detecting FRET by FLIM is a good approach: It has the advantage of high signal-to-noise ratio and allows the distinction between FRET efficiency and FRET population. 12, 13 Due to the fact that GFP is so widely used, it is important to know what factors affect its fluorescence lifetime. In solution, the average GFP fluorescence lifetime was experimentally found to be inversely proportional to the square of its refractive index, 14, 15 in agreement with the theoretical prediction of the Strickler-Berg formula. This effect is also known to affect the fluorescence lifetime of organic dyes ͑and quantum dots 16 ͒, and has been experimentally verified on various occasions. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] It has, for example, been exploited to determine the refractive index of frozen gas matrices via the fluorescence lifetime of fluorophores embedded in them. 28 Recently, it was also experimentally demonstrated that the refractive index of the medium affects the fluorescence lifetime of cyan fluorescent protein ͑CFP͒ and yellow fluorescent proteins ͑YFP͒ in solution. 29 In addition, fluorescence lifetime studies of GFP in reverse micelles show that the average fluorescence lifetime of GFP is shorter in the water pool of reverse micelles surrounded by isooctane ͑with a refractive index n = 1.39͒ or dodecane ͑n = 1.42͒ than in buffer alone. 30 However, few studies have been carried out to investigate whether the same is true for GFP-tagged proteins in cells. There is evidence that tagging GFP to a specific protein does not appear to affect the GFP fluorescence lifetime significantly. 31, 32 Here, we measure the average fluorescence lifetime of GFP-tagged proteins in cells as a function of the refractive index of the medium in which the cells are suspended. Moreover, in order to address the question over which distance the GFP fluorescence lifetime can sense the refractive index, we employ time-resolved total internal reflection fluorescence ͑TIRF͒ microscopy. In TIRF microscopy, an evanescent wave is produced in a low refractive index medium by total internal reflection of an exciting beam in a high refractive index medium at an interface between the two. 33, 34 The penetration depth of the evanescent wave is a function of the incident angle of the exciting beam, and is of the order of a few 100 nm or so. We carry out GFP fluorescence lifetime studies as a function of excitation angle in TIRF microscopy.
Fluorescence Lifetime as a Function of the Refractive Index
Fluorescence is the radiative deactivation of the lowest vibrational energy level of the first electronically excited singlet state of a fluorescent molecule. The fluorescence lifetime, , is the average time a fluorophore remains in the excited state after excitation and is defined as the inverse of the sum of the rate parameters for all depopulation processes:
where k r is the radiative rate constant, and the nonradiative rate constant, k nr , is the sum of the rate constant for internal conversion, k ic , and the rate constant for intersystem crossing to the triplet state, k isc , so that k nr = k ic + k isc . 0 is the natural or radiative lifetime, with 0 = k r −1 .
It has been known for some time that 0 is dependent on the refractive index, as reviewed in Ref. 35 . For example, this is shown from the widely used Strickler-Berg formula, which relates absorption and emission spectra to the radiative lifetime 36 :
where n is the refractive index, I is the emission intensity, is the extinction coefficient, and v is the frequency of the transition in wavenumbers. A recent, more accurate treatment taking into account the transition dipole moment, an intrinsic property of the molecule, has been devised by Toptygin in an excellent review of the subject. 35 Previous work carried out in our group has shown that by monitoring the variation in fluorescence lifetime of GFP across an interface of two different media, a change in refractive index can be sensed up to one micron from the interface.
37,38
Fluorescence Lifetime at an Interface
Consider the equation of motion of the excited state dipole ͓Eq. ͑3͔͒. When the fluorescent molecule emits near an interface of two different refractive index media, there are partial reflections at the interface, resulting in interference of the reflected field and the excited state dipole. This reflected field damps the oscillating dipole, shortening the lifetime, and can be thought of much like stimulated emission.
is the dipole moment ͑the single and double dots indicate the first and second derivative with respect to time͒, E R is the reflected field, b 0 is the damping constant ͑the energy loss in radiation and in thermal, vibration processes, i.e., the inverse fluorescence lifetime, −1 ͒, is the oscillation frequency, e is the electronic charge, and m is its effective mass.
This equation can be solved to find the fluorescence lifetime as a function of distance from an interface. Tews 40 and Drexhage 41 found that parallel to the interface, the relative fluorescence lifetime, ϱ / x para , where x is the lifetime at a distance x from the interface, and ϱ is the fluorescence lifetime in the absence of an interface, is given by:
͑4͒
while perpendicular to the interface ϱ / x perp is given by:
Assuming the emitting dipoles are randomly orientated, Eqs. ͑4͒ and ͑5͒ can be used to find the fluorescence lifetime of an isotropic distribution x is :
is the quantum yield in the absence of the interface. The term ⌬ is equal to 4x / , where is the emission wavelength of the fluorophore in its medium, ␥ = cos , where is the angle of incidence of the emitted light on the interface, R p and R s are the Fresnel reflection coefficients parallel and perpendicular to the plane of incidence, respectively, and ␦ s and ␦ p are the phase shifts perpendicular and parallel, respectively. 40 Equation ͑6͒ thus tells us how the fluorescence lifetime should vary as a function of distance from a dielectric interface.
Total Internal Reflection Fluorescence ͑TIRF͒
Total internal reflection fluorescence ͑TIRF͒ microscopy relies upon a change in refractive index at an interface to produce an evanescent wave that in turn can excite fluorescent molecules. The evanescent wave penetrates only a few 100 nm into the sample depending on the angle of incidence, making TIRF an excellent technique for probing thin sections and in particular cell/substrate contacts and single molecules fluorescing near a glass surface. 34 When a beam of light travels from a high refractive index medium into a lower refractive index medium and the angle of incidence is greater than the critical angle, c , total internal reflection takes place. Upon solving Maxwell's equations, it is found that some light penetrates into the sample in the z direction ͑perpendicular to the interface͒, and this is known as the evanescent wave. The intensity of this evanescent wave decays exponentially in the form 33, 34 
where I͑z͒ is the intensity of the wave a distance z from the interface, i.e., perpendicular to the interface, I͑0͒ is the intensity at the interface, and d is the penetration depth:
where n 1 is the refractive index of medium 1 ͑glass prism͒, n 2 is the refractive index of medium 2 ͑liquid sample͒, and 0 is the wavelength of the incident light in vacuum. For a double extra-dense flint glass prism ͑n 1 = 1.70͒ exciting a sample in aqueous solution ͑n 2 = 1.33͒, the penetration depth varies, as shown in Fig. 1 . If the sample is excited at different angles of incidence, the distance the evanescent wave penetrates changes, and hence the distance from the interface at which the sample is excited also changes. Therefore, obtaining fluorescence decays or FLIM images at varying incident angles will allow the effect of TIRF coupled with time-resolved detection to be monitored.
Experimental Details

FLIM
The refractive index of the media, into which the cells were added, was varied by changing the concentrations of glycerol ͑C 3 H 8 O 3 , molecular weight 92.09, Sigma Aldrich͒ in water. The cells, which were in PBS buffer, were then added to the glycerol solutions at a ratio of 100 l glycerol solution to 5 l cell solution. A further set of samples was made using different concentrations of sucrose in water to make sure that the observed effects were due only to the refractive index and not to the type of solution. The refractive index of the solutions was measured using a refractometer at 589 nm before the addition of the cells. The cells lines investigated were cells expressing class I major histocompatibility complex ͑MHC͒ protein tagged with GFP ͑HLA-CW6 GFP 721.221͒ and glycosylphosphatidyl-inositol ͑GPI͒-anchored GFP ͑YTS/KIR2DL1-GPI-GFP͒. 42 The GFP mutant is enhanced GFP ͑EGFP͒, i.e., GFP F64L, S65T. The class I MHC is a transmembrane protein, and the GFP is attached to the intracellular C terminus of the MHC protein. 43, 44 The GPIanchored GFP is membrane-bound in the outer leaflet of the lipid bilayer, and the GFP is located outside the plasma membrane. 45 Thus, where the MHC protein is tagged, the GFP is located just inside the plasma membrane, whereas in the GPI-anchored GFP, it is located just on the outside of the membrane. Both cell lines were fixed using two different methods: The first was to fix using BD cytofix/cytoperm, and the second was to fix using 4% paraformaldehyde.
FLIM images of 256ϫ 256 pixels were obtained using a Leica TCS SP2 inverted scanning confocal microscope coupled with a Becker & Hickl time-correlated single-photon counting ͑TCSPC͒ card SPC830 in a 3-GHz, Pentium IV, 1-GB RAM computer running Microsoft Windows XP. A Ti:Sapphire oscillator ͑Coherent Mira 900 with a center wavelength of 900 nm, pulse duration ϳ180 fs, and repetition rate 76 MHz͒ pumped by a 6-W solid state-laser ͑Coherent Verdi V6͒ was used as the excitation source. Imaging was carried out with a 63ϫ water immersion objective ͑numerical aperture NAϭ1.2͒ and a line scanning speed of 400 Hz. The emission was collected through a 525Ϯ 25-nm bandpass filter onto a cooled PMC 100-01 photomultiplier detector ͑Becker & Hickl, based on a Hamamatsu H5772P-01 photomultiplier͒. The acquisition time was 500 s for each image. The average fluorescence lifetime of GFP was then found for each pixel in the image by fitting a single exponential using Becker & Hickl SPCImage software.
TIRF
The scanning confocal microscope used in Sec. 2.1 was adapted for TIRF by positioning a prism on top of the sample mount, with the sample between a coverslip and the prism. A sample of GFP in solution ͑EGFP, i.e., GFP F64L, S65T, courtesy of Dr. James Hunt, Randall Division of Cell and Molecular Biophysics at King's College, London͒ was then illuminated from above using a pulsed diode laser at 467 nm ͑PLP-10 470, Hamamatsu͒ with a pulse duration of 90 ps and a repetition rate of 20 MHz. The emission from the EGFP in solution was collected in transmission through a 10ϫ objective ͑NAϭ0.3͒ ͑see Fig. 2͒ . The angle of the incident laser beam could be varied from 40°to 80°so that below the critical angle ͑51.5°͒, there was bulk excitation, and at high angles, the evanescent wave penetration depth went down to ϳ100 nm, i.e., exciting only molecules within 100 nm from the interface. Single fluorescence decays were detected using the Becker & Hickl SPC830 card described in Sec. 2.1 and were fitted to a single exponential to find the average fluorescence lifetime using Becker & Hickl SPCImage software.
Results and Discussion
FLIM Measurements
FLIM images of the cells expressing GFP-tagged MHC protein in phosphate buffered saline ͑PBS͒ buffer and in 100% glycerol are shown in Fig. 3 . GFP-tagged proteins in cells exhibit a shortening of the average GFP fluorescence lifetime as the proportion of the glycerol or sucrose in solution increases, as shown in Fig. 4 . This can be seen more quantitatively in Fig. 5 , where the GFP fluorescence lifetime distributions from the FLIM images are shown to shift to shorter lifetimes as the glycerol fraction increases. This is in agreement with Eq. ͑1͒, which predicts that an increasing refractive index increases the radiative rate constant k r , which consequently shortens the fluorescence lifetime . The average fluorescence lifetime of GFP-tagged proteins in cells in PBS buffer is found to be 2.4 ns, in good agreement with previous work by Treanor et al. using the same type of cells. 42 Plots of the inverse lifetime as a function of the square of the refractive index show a linear relationship ͓Figs. 6͑a͒ and 6͑b͔͒ similar to previous work on GFP in solution. 14, 15 It is apparent that the fixing method does not affect the overall lifetime: The gradients of straight-line fits to the data are identical within experimental error ͑0.19Ϯ 0.03 ns −1 for BD cytofix/cytoperm and 0.15Ϯ 0.04 ns −1 for paraformaldehyde͒. Furthermore, the average GFP fluorescence lifetime appears to be independent of whether the GFP is located inside or outside the plasma membrane. From the theory outlined in Sec. 1.1 and investigated in more detail elsewhere, 37, 38 it is expected that the refractive index can be sensed by the fluorescence lifetime over a distance of approximately 1 m, i.e., over a much larger range than just the immediate local environment of a few nanometers. This is also supported by time-resolved studies of GFP in reverse micelles by Uskova et al. that appear to show that even as the reverse micelles increases in size, the refractive index of the surrounding medium can still be sensed inside via the GFP fluorescence lifetime. The difference between solution and cells can therefore be corrected for by calculating the average total refractive index of the system:
where n total is the total refractive index of the system, n cell is the refractive index of the cell ͑n = 1.45͒, and n sol is the measured refractive index of the solution on the refractometer. The average is found by taking the square of the refractive index because the electric field is dependent on n 2 . 52 By calculating n total , Fig. 7͑a͒ can be replotted using the total refractive index in place of the measured solution refractive index, and this corrects for the gradient difference ͓see Fig. 7͑b͔͒ . The difference in intercept could be due to the fact that the cells were measured on a different instrument or more likely is due to the complex refractive index profile of the cell as a whole. 53 In addition, a refined model could take account of a different weighting of n sol and n cell , rather than the 50:50 ratio used in Eq. ͑9͒.
The large sensing distance seen in this work does not appear to have much use for detecting changes in the local vicinity of the GFP on the nanometer scale, such as a technique like FRET. However, it has recently been claimed that the refractive index of cancer cells is apparently higher than in healthy cells. 48, 49 Detecting fluorescence lifetime changes could therefore be useful in distinguishing healthy cells from cancerous ones. One specific area where the fluorescence lifetime dependence on the refractive index could have implications is TIRF, where a change in refractive index is key to the technique.
TIRF Lifetime Measurements
FLIM coupled with TIRF shows a shortening of the average fluorescence lifetime of GFP in solution at high incident angles. The evanescent wave excites only molecules in very close proximity to the glass prism, and the variation of evanescent wave penetration with varying angle is shown in Fig.  1 according to Eq. ͑8͒. Therefore, as the angle increases and the penetration depth decreases, a shortening of the fluorescence lifetime is observed. This is shown in Table 1 , which shows average fluorescence lifetimes from single-point measurements of GFP in solution at different penetration depths of the evanescent wave. The average fluorescence lifetime of GFP in bulk agrees well with the value quoted in Ref. 30 . Figure 8 shows the average fluorescence lifetimes of GFP ͑as in Table 1͒ in comparison with theory from Eq. ͑6͒. These initial values show that, in a TIRF geometry, the average GFP fluorescence lifetime is shorter in comparison to the fluorescence lifetime from the bulk solution, and this is in agreement with what is expected from theory.
With the growing use of techniques such as TIRF-FRET where energy transfer is also taking place, these findings will prove very important. Changes in the average GFP fluorescence lifetime due to FRET could be hard to distinguish from changes due to the presence of the glass prism. Although there is probably little biological significance for this phenomenon, the photophysical aspect will have implications from an experimental and instrumental point of view: Care must be taken to reduce ambiguity with regard to the origin of the fluorescence lifetime change when doing time-resolved measurements using TIRF microscopy. We would like to note here that this is a fundamental effect that is of course also present in intensity-based TIRF measurements, as the integrated fluorescence decay is proportional to the fluorescence intensity. The effect may be of interest for refractive index imaging, 53 as it allows the separation of path length and refractive index. 54 Last, it may be interesting to see whether the distance of a GFP-tagged protein in a cell from a glass surface could be mapped using the GFP fluorescence lifetime change.
Conclusions
This study has shown that the inverse average fluorescence lifetime of GFP-tagged proteins in cells is a function of the square of the refractive index of the medium in which the cells are suspended. When extended to investigate TIRF-FLIM, the average fluorescence lifetime of GFP in solution was found to be shorter with TIRF than with confocal microscopy due to the presence of the high refractive index prism used to produce the evanescent wave. This shortening of the fluorescence lifetime with TIRF compared to confocal microscopy could have implications when doing experiments such as TIRF-FRET where fluorescence lifetime changes are observed due to energy transfer. Therefore, care should be taken to reduce uncertainty into the cause of the fluorescence lifetime change when using TIRF microscopy.
Note added in proof. Since acceptance of this manuscript, refractive index sensing using GFP in living cells has been reported.
55 Table 1 Average fluorescence lifetimes of GFP in solution at different penetration depths of the evanescent wave. As the penetration depth decreases, the average fluorescence lifetime decreases, as only molecules very close to the glass prism are excited. The GFP fluorescence lifetimes are the average of several measurements, and the error is one standard deviation. 
